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fMRICatechol-O-methyltransferase (COMT) modulates dopamine in the prefrontal cortex (PFC) and inﬂuences
PFC dopamine-dependent cognitive task performance. A human COMT polymorphism (Val158Met) alters en-
zyme activity and is associated with both the activation and functional connectivity of the PFC during task
performance, particularly working memory. Here, we used functional magnetic resonance imaging and a
data-driven, independent components analysis (ICA) approach to compare resting state functional connec-
tivity within the executive control network (ECN) between young, male COMT Val158 (n=27) and Met158
(n=28) homozygotes. COMT genotype effects on grey matter were assessed using voxel-based morphome-
try. COMT genotype signiﬁcantly modulated functional connectivity within the ECN, which included the head
of the caudate, and anterior cingulate and frontal cortical regions. Val158 homozygotes showed greater func-
tional connectivity between a cluster within the left ventrolateral PFC and the rest of the ECN (using a thresh-
old of Z>2.3 and a family-wise error cluster signiﬁcance level of pb0.05). This difference occurred in the
absence of any alterations in grey matter. Our data show that COMT Val158Met affects the functional connec-
tivity of the PFC at rest, complementing its prominent role in the activation and functional connectivity of this
region during cognitive task performance. The results suggest that genotype-related differences in prefrontal
dopaminergic tone result in neuroadaptive changes in basal functional connectivity, potentially including
subtle COMT genotype-dependent differences in the relative coupling of task-positive and task-negative re-
gions, which could in turn contribute to its effects on brain activation, connectivity, and behaviour.
© 2012 Elsevier Inc. Open access under CC BY license.Introduction
Catechol-O-methyltransferase (COMT) modulates dopaminergic
transmission in the prefrontal cortex (PFC) (Tunbridge et al., 2004).
The human COMT gene contains a well-studied functional polymor-
phism (Val158Met) in its sequence: the Val158 allele encodes a more ac-
tive isoform than the Met158 allele (Chen et al., 2004). Consistent with
prefrontal dopamine's key role in cognition (Cools and D'Esposito,
2011; Goldman-Rakic et al., 2000), the Val158Met polymorphism has
been associated with human executive function, particularly working
memory (Egan et al., 2001; Farrell et al., 2012). Pharmacological
COMT inhibition is also beneﬁcial to cognitive function, albeit in a
COMT genotype-dependent manner; thus, COMT inhibition has re-
ceived attention as a therapeutic target for cognitive dysfunction
(Apud et al., 2007; Farrell et al., 2012; Giakoumaki et al., 2008). Further-
more, rodent studies have consistently shown that low COMT activity is
beneﬁcial in terms of cognitive performance (Lapish et al., 2009;arneford Hospital, Oxford, OX7
(E.M. Tunbridge).
license.Papaleo et al., 2008; Tunbridge et al., 2004). Notably, although it has pri-
marily been studied with respect to executive function, COMT's impact
is not limited to this domain: emerging evidence also implicates it in
emotional (Drabant et al., 2006) and reward (Farrell et al., 2012;
Frank et al., 2007; Tunbridge et al., 2012) processing.
The COMT Val158Met polymorphism is robustly linked with the
PFC blood oxygen level-dependent (BOLD) response during the per-
formance of working memory tasks (Egan et al., 2001; Mier et al.,
2010): the Val158 allele is associated with greater PFC BOLD response
for a given level of performance; a pattern of activation described as
representing ‘inefﬁcient’ PFC function (Egan et al., 2001). However,
the opposite relationship (Met158>Val158) is seen during emotional
processing (Mier et al., 2010). COMT's impact on brain activation dur-
ing task performance is not limited to the PFC, extending, for exam-
ple, into the cingulate cortex, hippocampus, amygdala and ventral
striatum (e.g. (Drabant et al., 2006; Tunbridge et al., 2012), consistent
with data implicating it in neurotransmission in regions outside of the
PFC (Bilder et al., 2004; Laatikainen et al., 2012)). It also modulates
the functional connectivity between brain regions during task perfor-
mance, although its precise impact varies as a function of the task
employed and the neural circuitry involved (Bertolino et al., 2006;
Drabant et al., 2006; Sambataro et al., 2009; Tan et al., 2007).
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spontaneous (‘resting’) neuronal activity accounts for the main pro-
portion of the brain's energy expenditure (Raichle and Gusnard,
2002). Patterns of spatial and temporal coherence in the spontaneous
ﬂuctuations in BOLD signal form functionally-relevant resting state
networks (RSNs) (Biswal et al., 1995), the coherence of which is
determined, at least in part, by genetic factors (Glahn et al., 2010).
However, few individual genes contributing to RSN functional con-
nectivity have yet been identiﬁed (Filippini et al., 2009). Given its ro-
bust impact on task-related PFC activation and connectivity, COMT is
an attractive candidate for regulating RSN connectivity, particularly
with respect to the executive control network (ECN), a PFC network
implicated in a broad range of cognitive and emotional functions
(Smith et al., 2009), thereby mirroring the domains with which
COMT is linked. Here, we examined the effect of the Val158Met poly-
morphism on functional connectivity using a data-driven approach.
We speciﬁcally focused on the ECN given the key role of COMT in pre-
frontal function, and investigated whether grey matter volume con-
tributed to any differences in resting connectivity.
Methods
Participants
Healthy males aged 18 to 50 years old were recruited by adver-
tisement. We limited our study to men given sexual dimorphisms in
COMT's function (Tunbridge and Harrison, 2011). Exclusion criteria
included a history of psychiatric or neurological disease, or any cur-
rent use of medication. These criteria were based on reports obtained
from participants and their primary care physician (general practi-
tioner). In addition, current symptoms of depression and anxiety
were assessed using the Beck Depression Inventory (BDI) and the
State-Trait Anxiety Inventory (STAI). All subjects denied the use of il-
licit drugs. Volunteers were genotyped for the COMT Val158Met poly-
morphism using the appropriate Taqman® SNP Genotyping Assay
(Applied Biosystems, Carlsbad, CA, US). Only homozygotes were se-
lected for participation in the ﬁnal study, as Val158 and Met158 homo-
zygotes represent those with the highest and lowest COMT activity,
respectively (Chen et al., 2004). The study was approved by the Ox-
fordshire National Health Service Research Ethics Committee B (09/
H0605/69). The study population overlaps with that of our previous
behavioural study (Farrell et al., 2012).
Neuroimaging protocol
Imaging data were acquired at the University of Oxford Centre for
ClinicalMagnetic Resonance Imaging (OCMR) using a 1.5 T Siemens So-
nata scanner (Siemens AG, Erlangen, Germany). Functional imaging
consisted of 35 T2*-weighted echo-planar image (EPI) axial oblique
slices that began at the cerebral vertex and encompassed the entire ce-
rebrumand themajority of the cerebellum. A total of 160 volumeswere
acquired for each subject giving a total scan time of 8 min (repetition
time (TR)=3 s; echo time (TE)=50 msec; ﬂip angle 90°; ﬁeld of
view=192×192;matrix size=64×64). For the resting state scan, par-
ticipants were asked to remain still, with their eyes closed, and not to
fall asleep. A 3D T1-weighted structural scan was also acquired using
a turbo fast low-angle shot sequence (TR=12 msec, TE=5.65 msec;
voxel size=1 mm3).
Image analysis
Data were analysed using FSL (version 4.1.10) tools (www.fmrib.
ox.ac.uk/fsl).
Probabilistic independent components analysis (ICA), implemented
using FSL's Multivariate Exploratory Linear Decomposition into Inde-
pendent Components (MELODIC; version 3.10), was used to extractthe ECN. Individual pre-processing consisted of motion correction,
brain extraction, spatial smoothing using a Gaussian kernel of
full-width at half-maximum (FWHM) of 5 mm, and high-pass temporal
ﬁltering. Individual fMRI volumes were ﬁrst registered to the individ-
ual's anatomical scan using FMRIB's Linear Image Registration Tool
(FLIRT) followed by a Boundary-Based Registration (BBR) approach.
Registration from anatomical to standard (MNI) space was conducted
using FLIRT. The pre-processed individual functional data were tempo-
rally concatenated to produce a single 4D dataset, which was analysed
by ICA using MELODIC, as described previously (Filippini et al., 2009).
Automatic dimensionality estimation resulted in 17 spatio-temporal
components. Components corresponding to known RSNs were identi-
ﬁed by eye and compared to previously published maps (Smith et al.,
2009), using Pearson spatial cross-correlation.
The dual regression method was employed to test the effects of
COMT genotype on ECN functional connectivity (Filippini et al., 2009),
with grey matter maps (obtained as detailed below) as voxel-wise co-
variates. The output of this dual regression was individual participant
statistical maps of parameter estimates (PEs), describing the extent of
every voxel's involvement in the ECN. These individual maps were in-
corporated into a single 4Dﬁle for each group, and genotype differences
were assessed using voxel-wise non-parametric permutation-based
testing (using 5000 permutations), using FSL's Randomise (version
2.1). Resulting maps were thresholded using Z>2.3 and a family-wise
error cluster signiﬁcance level of pb0.05. To further visualise the results,
individual PE values were extracted from their custom ECNmaps, using
signiﬁcant clusters as binary masks. For comparison between hemi-
spheres, PEs from the homologous region in the opposite hemisphere
were also extracted. PE values were log transformed and compared be-
tween genotype groups using analysis of variance (ANOVA) in SPSS
Statistics 19 (IBM, Armonk, NY, US). Results are shown alongside the
group spatial map.
Grey matter maps were assessed to investigate whether any geno-
type effects on functional connectivity within the ECNwere confounded
by gross differences in grey matter anatomy between Val158 and Met158
homozygotes. To achieve this, awhole-brain voxel-basedmorphometry-
(VBM) style analysis was conducted using FSL-VBM (version 1.1) with
default settings (Douaud et al., 2007). Brieﬂy, structural images were
brain-extracted and tissue-type segmented. The resulting grey matter
partial volume images were aligned to standard space using FLIRT,
followed by FMRIB's Nonlinear Image Registration Tool (FNIRT), and
then averaged,modulated and smoothedwith an isotropic Gaussian ker-
nel of 3 mm. Finally, voxel-wise GLM was applied using permutation-
based non-parametric testing (using 5000 permutations), correcting
for multiple comparisons across space (thresholded using Z>2.3 and a
family-wise error cluster signiﬁcance level of pb0.05).
Results
Participants
The ﬁnal sample consisted of 27 Val158 (aged 23.3±3.8 years
[mean±S.D.]) and 28 Met158 (23.6±7.1) male homozygotes.
Identiﬁcation of the executive control network
The group ICA successfully identiﬁed the ECN, which comprised
bilateral frontal regions (encompassing the anterior cingulate cortex,
anterior insula, frontal pole, and parts of the inferior and middle fron-
tal gyri) and the head of the caudate, as well as bilateral, anti-
correlated areas within the middle temporal gyrus and superior pari-
etal lobule (Fig. 1). The ECN identiﬁed in our study was correlated
(r=0.677) with that described by Smith et al. (2009). Although not
the focus of this study, the ICA identiﬁed other RSNs, which
overlapped with those described by Smith et al. (2009). These includ-
ed the default mode network (DMN; r=0.749), the medial visual
Fig. 1. The ECN spatial map, shown thresholded at Z>3, in the three most informative orthogonal planes and superimposed on the MNI152 standard space template image.
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0.523) and right (r=0.679) fronto-parietal networks and the senso-
rimotor network (r=0.643).
COMT genotype alters the functional connectivity of the executive control
network
Voxel-wise comparisons of Val158 andMet158 homozygotes showed
a signiﬁcant effect of COMT genotype on the functional connectivity of
the ECN. Speciﬁcally, Val158 homozygotes showed greater functional
connectivity between a ventrolateral PFC (VLPFC) cluster, comprising
the left insula and inferior frontal gyrus, with the rest of the ECN. The
centre of gravity of this cluster is located within the left insula (MNI
co-ordinates:−38, 18, 2). Region of interest (ROI) analysis conﬁrmed
a highly signiﬁcant decrease in PE values in Met158-, compared to
Val158, homozygotes (F1,53=34.0; pb0.000005; Fig. 2, whichwas unaf-
fected by the inclusion or exclusion of age as a covariate). The corre-
sponding ROI in the right hemisphere showed a decrease in PE values
in Met158, compared to Val158, homozygotes, although the magnitude
of this difference was smaller (Val158 (mean±SEM):11.5±1.8;
Met158: 7.1±0.6) than on the left, and genotype groups only differed
at trend level (F1,53=3.3; p=0.075).
We found no signiﬁcant genotype differences in grey matter maps,
nor did the exclusion of these maps as voxel-wide covariates substan-
tively alter the ECN ﬁndings. Finally, exploratory analyses of the other
RSNs identiﬁed by the ICA revealed no effect of COMT Val158Met ge-
notype in any other network.
Discussion
We found a signiﬁcant effect of COMT Val158Met genotype on the
functional connectivity of the ECN. Val158 homozygotes showed
greater connectivity between the left VLPFC and the rest of the ECN,Fig. 2. The effect of COMT Val158Met genotype on ECN functional connectivity. Results are
pb0.05. The bar graph on the right of the ﬁgure shows mean PEs from within the signiﬁca
mean. *** indicates pb0.000005.compared with Met158 homozygotes. Our ﬁndings complement the
large body of literature demonstrating differences in brain activation
and functional connectivity associated with the Val158Met polymor-
phism during task performance (Drabant et al., 2006; Egan et al.,
2001; Mier et al., 2010; Sambataro et al., 2009), and show that differ-
ences in PFC function between Val158 and Met158 homozygotes exist
even at rest. These changes did not appear to be due to alterations
in local grey matter, as there were no between-groups differences
in grey matter maps, nor were the results altered by their inclusion
as a covariate.COMT's signiﬁcance for VLPFC function
COMT's effect on brain function has predominantly been studied
with respect to working memory processing. The Val158 allele is ro-
bustly associated with greater activation of the DLPFC for a given
level of performance, compared with the Met158 allele, a phenome-
non that has been interpreted as representing ‘inefﬁcient’ PFC func-
tion (Egan et al., 2001; Mier et al., 2010). These ﬁndings are
consistent with the critical role that dopaminergic transmission in
the DLPFC plays in working memory (Goldman-Rakic et al., 2000).
However, COMT's effects on cortical function are not limited to the
DLPFC. Of particular relevance to the current study, there are numer-
ous reports of COMT-related activation differences in the inferior
frontal gyrus (Bertolino et al., 2006; Dennis et al., 2010; Domschke
et al., 2012; Drabant et al., 2006; Ettinger et al., 2008; Green et al.,
2012; Krug et al., 2009) and insula (Bishop et al., 2008; El-Hage et
al., 2011; Kayser et al., 2012; Krach et al., 2010; Prata et al., 2009;
Rasch et al., 2010; Schmahl et al., 2012) during the performance of a
wide range of different tasks. Thus, our ﬁndings emphasise that
COMT's signiﬁcance extends beyond the DLPFC, and are consistent
with the evidence demonstrating a role for COMT in the VLPFC.shown thresholded using Z>2.3 and a family-wise error cluster signiﬁcance level of
nt cluster for Val158 vs. Met158 homozygotes. Error bars denote standard error of the
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performance
To our knowledge, only two prior studies have investigated the
impact of COMT Val158Met genotype on connectivity at rest. Neither
used a group ICA-style approach. Our results are consistent with
those of Lee et al. (2011) who showed a dose-dependent relation-
ship between the COMT Val158 allele and the functional connectivity
of frontal regions, particularly in the left hemisphere, determined
using electroencephalography. Liu and colleagues used a ROI fMRI
approach to investigate COMT's effects on functional connectivity
within the default mode network (DMN) (Liu et al., 2010). DMN
PFC connectivity was reduced in Val158 homozygotes, compared
with heterozygotes. Although the focus of our study was COMT's im-
pact on the ECN, we found no impact of COMT on DMN connectivity
in an exploratory analysis. However, Liu and colleagues used a lon-
ger resting state scan and a different analysis approach to that
employed here and did not study Met158 homozygotes. Therefore,
further studies of COMT's impact on DMN connectivity are
warranted. It should be noted that we exclusively studied men and
so it is not clear to what extent these ﬁndings will also generalise
to women. However, the similarities between our ﬁndings and
those of Lee et al. (2011), who studied exclusively female volun-
teers, is notable in this regard.
Although studies of COMT's impact on resting state connectivity
are sparse, a greater number have demonstrated signiﬁcant geno-
type effects on the functional connectivity of frontal brain regions
during task performance. The regions involved and the directionali-
ty of these effects (i.e. whether it is the Val158 or Met158 allele that is
associated with relatively greater connectivity) vary between these
studies, presumably as the result of task differences and, according-
ly, the precise neural circuitry under investigation (Bertolino et al.,
2006; Sambataro et al., 2009; Tan et al., 2007). To our knowledge,
only one (Sambataro et al., 2009) used a group ICA approach.
Three spatial components were found to vary as a function of task
demand, one of which (‘component B’) broadly overlapped with
the ECN reported here. Even within this single component, COMT's
effects on connectivity were complex: the frontopolar cortex
showed greater connectivity associated with the Met158, compared
with the Val158, allele, whilst this genotype effect was reversed in
the medial superior frontal gyrus. These ﬁndings emphasise that,
rather than grossly altering the overall extent of functional connec-
tivity of the frontal cortex, COMT instead subtly modulates the pre-
cise neural circuitry used to process information. As a further
example, Tan et al. (2007) demonstrated opposing effects of COMT
genotype on the functional connectivity of the posterior parietal cor-
tex (PPC) with the dorsolateral PFC (DLPFC) vs. VLPFC during perfor-
mance of a working memory task. They hypothesised that the
increased VLPFC-PPC connectivity seen in Val158 homozygotes may
be a compensatory mechanism for their relatively inefﬁcient en-
gagement of the DLPFC-PPC circuitry, compared with Met158 homo-
zygotes (Tan et al., 2007). Intriguingly, their PPC region is located
within the ECN identiﬁed in our study. Therefore, our ﬁnding of
greater connectivity between the VLPFC and ECN associated with
the Val158 allele is broadly consistent with their results during work-
ing memory performance.
Physiological relevance and links to ‘PFC efﬁciency’ during working
memory
Successful task performance depends on engaging task-relevant
(‘task-positive’) network activity, whilst suppressing that which is
task-irrelevant (‘task-negative’) (Fox et al., 2005). Thus, the extent
of functional connectivity between two regions during task perfor-
mance can be either ‘good’ or ‘bad’, depending on whether their
co-ordinated activity is beneﬁcial or detrimental to the task inquestion. Although studies of the neurochemical basis of the switch
between resting and task-focussed states are in their infancy, several
implicate dopamine as a key neurotransmitter in co-ordinating this
transition (Cole et al., 2011; Dang et al., 2012), making COMT an
attractive candidate gene for modulating this process. Here, we
show that Val158Met-associated differences in ECN connectivity are
present even at rest. Interestingly, the ECN, at least as identiﬁed in
the current study, comprises regions which are both task-negative
(e.g. the medial PFC) and task-positive (e.g. the VLPFC) with respect
to working memory (Hampson et al., 2006; Owen et al., 2005).
Therefore, although caution should be exercised when linking
resting-state and task-related network activity, a parsimonious ex-
planation for our ﬁndings is that the greater functional connectivity
between the VLPFC and ECN associated with the Val158 allele might
reﬂect greater functional connectivity between working memory
task-positive and task-negative regions. Speculatively, this super-
optimal coupling at rest may detrimentally affect the brain's ability
to uncouple task-positive and task-negative regions in order to per-
form a speciﬁc task. The inappropriate co-activation of normally
task-negative PFC pathways during task performance could lead to
the greater level of overall activation for a given level of perfor-
mance (‘inefﬁciency’) observed with the Val158 allele.
This hypothesis is consistent with the ﬁndings of Tan et al. (2007)
described above. An impaired ability to switch efﬁciently between
resting and task-related patterns of activation has been reported pre-
viously. Notably, a dopamine transporter variant that is associated
with relative deﬁcits in cognitive function, is linked to functional con-
nectivity between task-positive and task-negative regions, both dur-
ing task performance and at rest (Gordon et al., 2012), providing
direct support for the hypothesis that genetic variation in dopamine
function can impact on resting vs. task-related network activity.
A failure to successfully uncouple task-positive and task-negative
activation has also been demonstrated in schizophrenia (Nygard
et al., 2012), a disorder associated with dopamine dysfunction
(Goldman-Rakic et al., 2000). Given these ﬁndings, it will be of signif-
icant interest to examine the role that COMT plays in switching be-
tween resting and task-related patterns of brain activation for
different cognitive domains.
No effect of COMT on grey matter maps
We compared grey matter (GM) maps between Val158 and Met158
homozygotes to ensure that the COMT-related alterations in ECN
functional connectivity did not arise from subtle GM differences. We
found no signiﬁcant (or near-signiﬁcant; p>0.24) effects of COMT
Val158Met on GM maps, consistent with some (Zinkstok et al., 2006,
2008), but not all (Ohnishi et al., 2006; Rowe et al., 2010), prior stud-
ies in healthy controls. Links between COMT and GM volume may be
confounded by sexually-dimorphic effects (Zinkstok et al., 2006) and
may be more prominent in populations at risk for psychosis
(McIntosh et al., 2007; Ohnishi et al., 2006). Therefore, our study can-
not rule out effects of COMT on GM volume in less homogeneous
populations. Accordingly, we present our results corrected for GM
maps (although results obtained using non-corrected data were es-
sentially the same).
Conclusions
In conclusion, we have demonstrated that the COMT Val158Met
polymorphism is signiﬁcantly associated with the functional connec-
tivity of the ECN. We show that the Val158 allele, which is linked with
PFC ‘inefﬁciency’ and poorer working memory performance, is associ-
ated with greater resting connectivity between the VLPFC and the
ECN, compared with the Met158 allele. These ﬁndings complement
studies showing Val158Met effects on functional connectivity during
task performance. We speculate that aberrant connectivity between
53E.M. Tunbridge et al. / NeuroImage 68 (2013) 49–54task-positive and task-negative brain regions may contribute to the
relatively poorer working memory performance and PFC inefﬁciency
associated with the Val158 allele.Acknowledgments
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